INTRODUCTION
Analysis of the linkage between neutral DNA polymorphisms and disease loci 1 has become a major tool for the construction of genetic maps (e.g. ref.
2). Currendy, however, t only polymorphisms which occur within a restriction enzyme site or which cause a gross change in length are detectable, as they are amenable to analysis as restriction fragment length polymorphisms (RFLPs) on Southern blots' or by restriction of amplified DNA 3 -4 . This is a severe limitation, as it results in frequent failure to find new polymorphisms with selected probes. The sequence variation in the genome is substantially greater than that currendy detected, as it includes many single base substitutions and short length variations that do not affect restriction patterns. The ability to detect all such variation ' would permit identification of all polymorphisms present in any given region of the genome. We report the identification of such novel polymorphisms at die 3' end of the dystrophin gene. These were detected using amplification and mismatch detection (AMD) analysis 5 , in which chemical cleavage of mismatched heteroduplexes results in detection of sequence differences between two samples of enzymatically amplified DNA.
Duchenne muscular dystrophy (DMD) is a common (1 in 3000 live male births), fatal, , X-linked disease which is maintained in the population by a high rate of mutation. Over 50% of such mutations involve deletion of part or all of die dystrophin gene 6 . Direct <i detection of such deletions by both Southern blotting and the polymerase chain reaction 7 (PCR) has provided direct prenatal diagnosis in some families. Assessment of carrier risk, and prenatal diagnosis in families without deletions, however, is dependent on analysis of the segregation of linked markers. The available intragenic RFLPs detected by eidier Southern blotting 8 - 9 or PCR 4 are together informative in nearly 100% of families, but recombination is reported between these markers and the site of the DMD mutations in up to 6% of meioses 10 . Therefore diagnoses based on the analysis of these markers are correct only when crossing over in the relevant meioses has not altered the phase of linkage between the markers and the deleterious mutation. It is therefore important to have markers closely flanking the gene so as to detect such crossovers which would impair diagnosis 9 . The closest existing flanking polymorphisms are not highly informative, and exhibit a considerable degree of recombination. The 5'-flanking marker detected by probe 754 (DXS84) shows 11% recombination with the DMD mutations". At the 3' end, markers detected by the probes C7 (DXS28) and 99-6 (DXS41) show 10% and 15% recombination with the DMD mutations, respectively 1112 . Long range pulse field mapping has placed the probe 754 about 1 Mb from the 5' end of the gene, while probes C7 and 99-6 are both more than 3Mb from the 3' end 13 . A significant proportion of the crossovers between these flanking markers is therefore likely to occur outside the gene. Markers directly at the 5' and 3' ends of the gene would increase the precision of diagnosis, and would also permit measurement of the recombination frequency within the dystrophin gene.
We therefore applied AMD analysis to the 3' non-coding region of the dystrophin gene in order to search for informative polymorphisms. Four such polymorphisms were found within 995bp. Direct sequence analysis of the amplified DNA showed that at least three of them result from variable numbers of short (4 or 5bp) tandem repeats. None of these alters any restriction sites, and so would not have been detected by previous methods. This approach represents a rapid and efficient strategy for the detection of new polymorphic markers in any given region of the genome.
MATERIALS AND METHODS

DNA Amplification
Approximately lOOng of genomic DNA isolated from samples of blood or placenta were used as target for amplification by PCR 14 . The reaction was carried out in a Techne PHC-1 thermal cycler for 30 cycles of either 1.3min @ 93°C, lmin @ 58°C, 7min @ 72°C (MP15/MP13 and MP25/MP23) or 0.8min @ 93°C, 0.8min @ 60°C, 2min @ 72°C (MP1P5/MP1P3 and MP1Q5/MP1Q3). The reaction mixture contained 67mM Tris-HCl pH8. 8, 16 .6mM (NH^SO^ 6.7mM MgCl 2 , 170/ig/ml bovine serum albumin, 0.5mM dNTPs, 500ng of each primer, and 3 units of Taq polymerase (Amplitaq, Cetus). 10%-20% of the products were electrophoresed in 5% (in the case of MP1 and MP2) or 12% (in the case of MPIP and MPIQ) polyacrylamide minigels containing ethidium bromide for c.lhr at 90mA. In the case of MPIP, products were digested with 5 units of Alul (NBL) for lhr before electrophoresis. Prior to mismatch detection or direct sequencing, MP1 and MP2 products were purified using Geneclean (Bio 101) and eluted in 10-15/xl.
Sequences of oligonucleotide primers used (based on published sequence Mismatch Detection a) Heteroduplex formation. MP1 and MP2 amplification products from a chosen sample were digested with Sail and Clal (New England Biolabs). DNA polymerase I Klenow fragment (BCL) was used to fill in the sticky ends with a-32 P-dCTP and a-32 P-dTTP. Approximately 2ng of this 'probe' were mixed with a 10-20 fold molar excess (c.30ng) of each of the appropriate amplification products from a panel of female target samples. The mixture was boiled in 0.3M NaCl, 0.1M Tris-HCl pH8 for 5min and allowed to hybridize at 65°C for 6-16hrs. The hybrids were ethanol-precipitated with 30/tg mussel glycogen as carrier and resuspended in lOmM Tris-HCl pH8.0, 0. lmM EDTA. The hybrids were then divided into two aliquots; one for modification by hydroxylamine and the other for osmium tetroxide treatment 16 . b) Hydroxylamine Modification. The duplexes were incubated in 2.3M fresh hydroxylamine solution (titrated to pH6 with diethylamine) at 37 °C for 2hrs 5 . c) Osmium Tetroxide Modification. The duplexes were incubated in 5mM Tris-HCl pH8, 0.5mM EDTA, 3% pyridine, and 0.025% OsO 4 at 37°C for 2hrs 5 . d) Piperidine Cleavage. Modified duplexes were ethanol-precipitated and resuspended in fresh 1M piperidine. They were incubated at 90°C for 30min and then re-precipitated. The pellets were resuspended in formamide dyes, boiled for 3min, and electrophoresed in a 4% or 6% denaturing polyacrylamide gel. The gel was autoradiographed overnight on preflashed X-Omat S film (Kodak).
Direct Sequence Analysis
This was performed using the dideoxy sequencing method 17 modified for direct sequencing of double-stranded PCR products 18 with a buffer which contained dimethylsulphoxide 19 . The appropriate PCR primer was used as a sequencing primer in each case.
RESULTS
Part of the 3'-untranslated region of the dystrophin gene 6 -15 was split into two blocks, MP1 (12081-13076, 995bp) and MP2 (13082-13900, 818bp), and oligonucleotide primers for PCR were designed ( fig. 1 ). DNA from five unrelated females was amplified with each set of primers, and screened by AMD analysis using the PCR product from sample 5 as a probe (see Materials and Methods for strategy). Sample 5 is from a female; in the event of her being heterozygous for one or more of the polymorphisms, the chance of detecting polymorphic variations would not be reduced, as heteroduplexes formed by either of the alternative probe sequences would be detected in the analysis. No mismatches were observed in MP2 with either hydroxylamine or osmium tetroxide, and this region was omitted from further studies. Much of the sequence contained in MP2 shows a high degree of homology between human and chicken 20 ' 21 ( fig. 1) , suggesting some functional importance, so this lack of variation is perhaps not surprising. In MP1, on the other hand, a distinct pattern of mismatch bands was seen ( fig.2a) .
Bands of approximately 750 nucleotides (nt) and 650nt, plus a ladder of ten bands at 220nt-260nt, were seen in all five samples when treated with osmium tetroxide. An additional ladder of three bands at about 15Ont plus an 85Ont band were observed in sample 3 following analysis with osmium tetroxide. The patterns obtained following hydroxylamine treatment were similar (see sample H in fig.2a ), save that the ladder at 220nt-260nt comprised only six bands, and sample 3 lacked an 850nt band (results not shown). These results suggested that there are a number of polymorphic sites within MP1.
The initial five unrelated samples and seven additional unrelated female samples were o screened with a probe from a male sample not related to any of the females tested (results not shown). The ladder at 150nt did not appear in any of these samples other than that represented by sample 3 in fig.2a . By contrast, the 75Ont and 65Ont bands and the ladder at 220nt-260nt were detected in five of the twelve samples, suggesting that they represent frequent polymorphisms.
Figs.2b and 2c show the results of an AMD analysis of MP1 in a family when the probe was maternal (2b) or paternal (2c) amplified DNA. No bands were seen in lane 6, fig.2b , and the mother is therefore homozygous for all mismatch polymorphisms. Similarly, in the case of the father, no bands were seen in lane 1, fig.2c . Bands were apparent when either DNA from the mother was analysed using the father's DNA as the probe (fig.2c , lane 6) or vice versa (i.e. when DNA from the father was analysed using the mother's DNA as the probe) (fig.2b, lane 1) . The genotypes of the two parents are therefore different with respect to the mismatch polymorphisms. No bands were seen in lane 5, fig.2b . The son has therefore the same genotype as his mother, but has inherited no MP1 material from his father. These results are consistent with an X-linked mode of inheritance of the polymorphisms detected by AMD analysis.
PCR products from selected individuals were sequenced from both ends. Three distinct polymorphisms were characterised. Fig.3 Qeft-hand panel) shows the sequence from the MP15 primer of samples 1 (hemizygous), 3 (heterozygous) and 6 (homozygous for the alternative form of the marker to that of sample 1) from figs.2b and 2c. The results show that a tandem repeat 5'-TTGA-3' is present in six copies in sample 1, but only five copies in sample 6; the results of sample 3 indicate superimposition of the two sequences. This polymorphism (MP1P) is therefore a 4bp length variation, the long and short forms being designated MP1P+ and MP1P-respectively. Fig.3 (right-hand panel) shows analysis of the same samples using primer MP13. Here the tandem repeat 5'-GTAA-3' (the complement, i.e. 5'-TTAC-3', is shown in the autoradiograph) is present in four copies in sample 1, but only three copies in sample 6. Again the pattern in sample 3 represents a superimposition of the two parental sequences. This second polymorphism (MP1Q) is thus also a 4bp length variation, with long and short forms MP1Q+ and MP1Q-respectively. In addition, a third polymorphism (MP1S), characterised by sequencing sample 3 from fig.2a using MP15 as a primer (results not shown), was found to consist of a 5bp length variation, such that the tandem repeat 5'-AAAGT-3' is present in three copies in MP1S + , but only two copies in MP1S-.
The differing numbers of short tandem repeats constituting the MP1P polymorphism should permit heteroduplexes formed between the two alternative sequences to assume a variety of mismatched loop structures, one of which is shown in fig.4b . If loops occur at all possible positions in the annealed heteroduplexes, any one of six T residues in the repeat region of an MP1P+ strand (see upper duplex) would be expected to be modified in each molecule (underlined in figure) . This results in cleavage at six positions in this region, separated by intervals of 4nt. As the first repeated T is 223nt from the end of the amplified region, this accounts for the six evenly spaced bands from 223nt-243nt (bracketed 'MP1P') in figs.2a and c.
The MP1Q polymorphism should also form mismatched loops in heteroduplexes, with four T residues available for cleavage in probes of the MP1Q+ type (see lower duplex in fig.4c ). As the first T is 251nt from the end of the probe, this should result in a ladder of four bands spaced at 4nt intervals ranging from 251 nt -263nt. Such a ladder is observed in figs.2a & c (bracketed as MP1Q). The MP1P and MP1Q ladders are separated by 8nt (243nt-251nt), which is reflected in the gap observed in the run of ten bands in fig.2a . In both polymorphisms, cleavage is also expected in the strand of the probe complementary to that described above ( fig.4b,  lower duplex, and fig.4c, upper duplex) . Heteroduplexes formed between DNA differing at both polymorphic sites would produce a ladder often doublets from 738nt-778nt. These In the case of MP1S, when heteroduplexes containing mismatched loops are formed, three T residues in each repeat are available for modification ( fig.4d, upper duplex) . The expected pattern is thus three triplets from 130nt to 142nt. Sample 3 in fig.2a has three broad bands in this range (bracketed 'MP1S'). Notably, hydroxylamine, which should modify the single C residue in each repeat, gives a sharp ladder of three bands shifted 'up' with respect to the register of the osmium tetroxide pattern (results not shown). As with MP1P and MP1Q, there are T residues in the complementary strand of the probe available for modification ( fig.4d, lower duplex) . This should give three evenly spaced bands from 851nt to 861nt. These are unresolved and appear as a single band at c.85Ont in sample 3 ( fig.2a) . The polymorphism MP1R, defined by the appearance of a 650nt band in the AMD analysis, has not been characterised to date.
In order to provide a convenient non-radioactive assay for the MP1P and MP1Q polymorphisms, PCR reactions were designed to permit the detection of the 4bp differences between the two forms of each polymorphism directly by electrophoresis in polyacrylamide For MPIP, the two PCR primers (MP1P5 and MP1P3; see Materials and Methods) generated amplified products which were further reduced in size by digestion with AM before analysis. The two forms of the polymorphism were identified by the appearance of 6Obp (MP1P+) and 56bp (MP1P-) bands respectively (see fig.5a ). In addition, all heterozygous samples (lanes 2-4) had a reproducible band of lower mobility (marked 'hybrid' in figure) . This is presumed to consist of mismatched heterodupiexes formed during the final annealing step of the PCR. The reduced mobility may arise from the presence of the single-stranded domain in each molecule, which would be sufficient to cause marked gel retardation. The same effect has been observed in other unrelated PCR reactions in which heterozygotes differing by 4bp or more are assayed in a similar fashion. In the case of MPIQ, the two PCR primers (MP1Q5 and MP1Q3; see Materials and Methods) generated amplified products which were analysed directly on the polyacrylamide minigel. The two forms of the polymorphism were identified by the appearance of 67bp (MP1Q+) and 63bp (MPIQ-) bands ( fig.5b ). In this case, however, no additional band of anomalous mobility was observed in any of the heterozygous samples.
Estimates of the frequencies of the MPl polymorphisms were obtained by PCR analysis of 40 unrelated females. It was found that MPIP had frequencies of 0.88 (MP1P-) and 0.12 (MP1P+), while MPIQ had frequencies of 0.% (MP1Q-) and 0.04 (MP1Q + ). All MP1Q+/MP1Q-females were MP1P+/MP1P-. Frequencies for the polymorphic forms of MP1R and MP1S have not been ascertained, but from the AMD analysis, it would appear that MP1R is in disequilibrium with MPIP, and that MP1S-is a rare form.
In the DMD family shown in fig.5b , analysis by Southern blotting had detected a crossover between the markers recognised by the intragenic probe pXJl.l (DXS206) and the 3'-flanking probe 99-6, and had shown that the disease cosegregated with probe pXJl.l. PCR analysis of the genotypes of the family members at MPIQ shows that the crossover has occurred between MPIQ and 99-6. It is therefore highly likely that the crossover is extragenic.
DISCUSSION
Estimates of the density of sequence variation in the genome are 1/300 for the autosomes and 1/1100 for the X-chromosome 22 . These figures suggest that it should be possible to find informative polymorphisms in any reasonable (1 -3kb) length of non-conserved sequence. A proportion of" these have been detected as RFLPs, which have provided a valuable source of markers for genetic studies. The detection of novel RFLPs, however, is a laborious and inefficient process. Aldridge et al. 12 , for instance, used a strategy whereby three DNA samples were digested with an average of 23 restriction enzymes-a total of 69 lanes to screen a fraction of the available DNA sequence in only five Xchromosomes. Even this particularly thorough strategy detected RFLPs with only five out of fifteen probes. AMD analysis, on the other hand, is theoretically capable of detecting almost any difference between target and probe. A possible exception to the ability of AMD analysis to detect all sequence variations might arise when the target DNA bears an insertion with respect to the probe (no probe bases should be mismatched). In the example . In this family, MP1Q has been used to resolve the site of a crossover previously detected between 99-6 (extragenic) and pXJl. 1 (intragenic). Genotypes at these two loci were obtained from Southern blots.
shown in fig.2b , however, the probe used represents the short allele of both MP1P and MP1Q, but bands resulting from modification and cleavage of the probe are still evident. It is presumed that the mismatched loops cause sufficient disruption in the complementary strand to permit modification. Likewise, when osmium tetroxide was used to detect the haemophilia B mutation London 8 by Montandon et al. 5 , cleavage occurred at a T residue adjacent to a mispaired base.
Using AMD analysis, we have found new markers at the 3' end of the dystrophin gene, which will enable us to resolve crossovers which are distal to the gene. Thus in one family ( fig.5b) , a previously detected crossover between the 3'-flanking marker 99-6 and the intragenic marker pXJl.l was shown to have occurred between MP1Q and 99-6 (i.e. probably outside the gene). In another family, on the other hand, where 3'-flanking RFLPs were uninformative, analysis with MP1P showed the occurrence of a crossover between MP1P and pERT87-15 (DXS164) (i.e. intragenic). These markers, in conjunction with the existing intragenic RFLPs, and 5'-flanking markers being characterised in pERT84 (DXS142) by AMD analysis (R.G.Roberts et al., unpublished results), will enable for the first time a true measure of recombination in the DMD gene.
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